Introduction of hypothesis: Little information is available regarding the imaging characteristics that assist in differentiating responders from non-responders. We hypothesized that patients with higher pretreatment tumor volume (PTV) would have lower response rates and shorter overall survival (OS). Methods: Data from patients who received at least one dose of program death-1 (PD-1) inhibitors before August 31, 2016 were captured from our institution's pharmacy database. The primary objective was to determine the association of PTV with best response, evaluated utilizing RECIST v1.1 criteria. Secondary objectives were estimation of progression-free survival (PFS) and OS. PTV was measured using the Philips Intellispace Multi-Modality Tumor Tracking application. Results: 116 non-small cell lung cancer (NSCLC) patients were evaluated. 66% patients had adenocarcinoma, 28% had squamous cell carcinoma and 5% had poorly differentiated NSCLC. Median PTV was 53.7 cm 3 (95% CI: 13.3-107.9). Only one individual had no metastases and the remainder had M1 disease; 38% M1a, 10% M1b, 51% M1c. Most (79%) were previously treated. There were no complete responses; among those followed for at least 6 weeks, 26% had a partial response, 39% stable disease and 34% PD; 4% had no recorded response. There were no strong associations of PTV with any of the demographic or clinical characteristics. There was no association between PTV and OS (HR 1.2, P=0.26) or PFS (HR 1.1, P=0.47). Liver metastasis was associated with shorter survival (HR=2.8, P=0.05). Conclusion: PTV in NSCLC did not prove to be a predictor of response to PD-1 inhibitors but having liver metastasis was associated with significantly shorter survival. Keywords: non-small cell lung cancer, tumor volume, tumor burden, checkpoint inhibitors Plain language summary • Little information is available regarding the imaging characteristics that may assist in differentiating patients with non-small cell lung cancer who respond to immunotherapy and those who do not. • We hypothesized that the more tumor volume the patient had, the lower their response to immunotherapy would be. • Contrary to our hypothesis, tumor volume in non-small cell lung cancer did not prove to be a predictor of response to immunotherapy. • However, cancer spread to the liver which was known prior to treatment was associated with significantly shorter survival.
Introduction
Program death-1 (PD-1) inhibitors are anti-cancer treatments that aim to reinstate anti-cancer immune-mediated cytotoxicity in individuals with cancer. Although this class of therapy offers hope for many patients with advanced stage cancer, little information is available regarding the imaging characteristics that assist in differentiating responders from non-responders. Several studies have shown that higher pretreatment metabolic tumor volume was associated with worse prognosis in non-small cell lung cancer (NSCLC) patients treated with definitive chemoradiotherapy. 1, 2 However, data on the utility of pretreatment tumor volume (PTV) in assessing response to immunotherapy are lacking.
In patients with metastatic renal cell carcinoma, prior nephrectomy has been associated with improved survival and treatment response to systemic therapy, including targeted therapy and immunotherapy like interferon-α (INF-α). [3] [4] [5] [6] Similarly, Huang et al reported that in patients with metastatic melanoma, clinical failure to pembrolizumab was not solely due to an inability to induce immune reinvigoration, but rather resulted from an imbalance between T-cell reinvigoration and actual tumor burden. 7 Therefore, we hypothesized that NSCLC patients with higher PTV would have lower response rates (RRs) and shorter overall survival (OS) independent of other variables such as age and category of metastasis (i.e., M1a, M1b, M1c).
Materials and methods
Data from patients who received at least one dose of PD-1 inhibitors before August 31, 2016 were captured from our institution's pharmacy database. Of note, August 3, 2011 was the first date a patient had PD-1 inhibitor administered on trial, which provided us approximately 5 years of treatment data. For patients on trial, the institution's clinical trial database was used to find all studies involving PD-1 inhibitors. The database was searched using the commercially available name or the drug identification number assigned by the manufacturer. The pharmacy dispensing database was used to validate the first dispense date of drug. For commercially available PD-1 inhibitors, the database was reviewed to identify order data and then nursing records were used to validate administration of drug on that date. The primary objective was to determine the association of PTV with best response, evaluated utilizing RECIST v1.1 criteria. Secondary objectives were estimation of progression-free survival (PFS) and OS. Tumor PD-L1 status was not assessed. This study was reviewed and approved by the Wayne State University's Institutional Review Board (approval # 062616M1E).
PTV was measured using the Philips Intellispace Multi-Modality Tumor Tracking application ( Figure 1 ). The sum of PTV of all measurable lesions, as defined by any soft tissue mass at or >2 cm in largest diameter and any lymph nodes at or >1.5 cm in shortest diameter, were calculated based on this software and were reported in cubic centimeters. Any soft tissue masses <2 cm in largest diameter were documented as unmeasurable soft tissue mass and categorized in a binary fashion; yes when such lesions were present and no when they were not.
PTV was found to have an asymmetric frequency distribution which was remedied by a natural loc (ln) transformation. Kendall's tau-b was used to assess the association between best clinical response and PTV. Univariable proportional hazards were used to assess associations with OS. Multivariable proportional hazard models were not estimated because there were only 47 deaths among the 133 individuals in the dataset.
Statistical consideration
Because the shape of the distribution of total volume was not symmetric, the non-parametric Kruskal-Wallis test was used to compare tumor volume between groups defined by nominal variables such as sex and primary histology. Spearman's rank correlation was used to estimate the association between tumor volume and ordered measures such as metastatic category and age. Analyses of "best response" and "hospitalization within 6 weeks" were restricted to individuals with at least 6 weeks of follow-up. Univariable proportional hazard models were used to estimate the association of each of the demographic and clinical characteristics with PFS and OS. Caution is urged in the interpretation of reported p-values because no correction for multiplicity was applied.
Results 116 NSCLC patients with at least one site of measurable disease were evaluated. Entry was restricted to individuals who had received at least one dose of a PD-1 or PD-L1 inhibitor prior to the data cut-off of August 31, 2017. Median age was 63 (IQR: 57-70); 67 (58%) were male. 66% patients had adenocarcinoma, 28% had squamous cell carcinoma and 5% had poorly differentiated NSCLC (Table 1 ). More than half (56%) received Nivolumab with the remainder receiving Pembrolizumab either alone (18%) or in combination (26%). 45 (39%) were treated on a clinical trial. Only one individual had no metastases and the remainder had M1 disease; 38% M1a, 10% M1b, 51% M1c. Most (79%) were previously treated. There were no complete responses; among those followed for at least 6 weeks, 26% had a partial response (PR), 39% stable disease (SD) and 34% PD; 4% had no recorded response. Among those followed for at least 6 weeks, 24% were hospitalized within 6 weeks of their first dose. Overall, median total tumor volume was 53.7 cm 3 (95% CI 13.3, 107.9). There were 52 deaths and 90 PFS events among the participants. Median follow-up time for those alive at last follow-up was 27 months (95% CI: 21, 31).
There were no strong associations of total volume with any of the demographic or clinical characteristics ( Table 2 ). 
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In addition, tumor volume was not associated with PFS (HR per 100 cm 3 =1.1,95% CI 0.9, 1.3, P=0.47) ( Table 3) or OS (HR per 100 cm 3 =1.2 95% CI: 0.9, 1.5, P=0.26) ( Table 4 ). Liver metastasis was associated with shorter survival (HR=2.8, 95% CI: 1, 7.9, P=0.05).
Discussion
Checkpoint inhibitors targeting the PD-1-PDL1 axis have substantially changed the landscape of the treatment of advanced metastatic stage NSCLC. Nivolumab, pembrolizumab, and atezolizumab have demonstrated superiority against docetaxel in the second-line setting for advanced metastatic NSCLC. [8] [9] [10] A randomized Phase II study 11 and subsequently the Phase III Keynote-189 trial 12 showed the benefits of combining carboplatin/pemetrexed with pembrolizumab in the first-line setting and this combination has been approved for its use, regardless of PD-L1 expression. In addition, the Phase III KEYNOTE-407 trial showed improved PSF and OS when pembrolizumab was combined with carboplatin and paclitaxel/nabpaclitaxel, compared to chemotherapy alone in previously untreated metastatic squamous NSCLC patients. This was first-line chemotherapy irrespective of PD-L1 level. 13 Single-agent pembrolizumab showed superiority compared to first-line chemotherapy in patients with tumors expressing PD-L1 ≥50%.
Pembrolizumab has gained FDA approval as a first-line single-agent therapy in this setting. 14 Recently, single-agent Pembrolizumab was shown to improve OS even in patients with low PD-L1 expression (PD-L1 TPS level ≥1%) compared to chemotherapy alone in untreated patients with locally advanced or metastatic NSCLC. This led to the FDA approval of pembrolizumab in this subset of patients as well. 15 Although this new class of therapy offers hope for many advanced stage cancer patients, little is known on the characteristics of patients who are likely to respond.
PD-L1 expression has been one of the most extensively studied biomarkers in NSCLC. However, this marker is far from perfect, and is subject to several limitations Objective responses have been reported in both PD-L1 positive and negative NSCLCs. 8, [10] [11] [12] 16, 17 For example, the aforementioned Keynote-189 trial reported higher RRs with the pembrolizumab-chemotherapy combination group than in the placebo-chemotherapy combination group across all categories of PD-L1 tumor proportion score, although the greatest between-group difference in patients was seen in the PD-L1 high (50% or greater) group. 12 The limitations of PD-L1 testing likely come from multiple variables. PD-L1 expression is thought to be regulated by various mechanisms, including the MAPK and PI3K pathways, multiple transcriptional factors such as HIF1 and STAT3 as well as epigenetic factors. 18 In addition, PD-L1 expression can be transient. Intra-patient, as well as intratumor heterogeneity in PD-L1 expression is possible. 19 Another challenge is the poor uniformity, and PD-L1 positivity thresholds of the various immunohistochemistry testing methods. 20 Furthermore, PD-L1 expression alone does not take into account other factors that could influence anti-tumor response such as immune-cell engagement in the tumor micro-environment and the presence of other concurrent suppressive pathways. 21 Despite these limitations, PD-L1 expression is one of the few widely available biomarkers that has been most extensively studied for NSCLC at this time. Testing for PD-L1 is considered to be standard of care for patients with newly diagnosed advanced metastatic NSCLC. 22 Since mutations are considered to produce neoantigens that could elicit an immune response, somatic mutational burden is another predictive biomarker that is being explored in this setting. Tumors with high rates of somatic mutations such as melanoma, NSCLC, and microsatellite-unstable colorectal cancer have been found to have a higher probability of benefiting from immune checkpoint blockade than those with lower rates of somatic mutations. 23, 24 In the CheckMate 227 study, Hellmann et al showed that among patients with NSCLC and a high tumor mutational burden (≥10 mutations per megabase determined by the FoundationOne CDx assay), the PFS was significantly longer with first-line nivolumab plus ipilimumab than with chemotherapy, irrespective of their PD-L1 expression level. 17 Tumor-infiltrating lymphocytes may also serve as a prognostic biomarker. In a melanoma study assessing 40 patients, a RR of 79% was demonstrated when pre-treatment tumor biopsies had >20% of tumor-infiltrating PD-1 high and CTLA-4 high CD8 T cells, whereas there were no responders in patients with fewer than 20% infiltrating PD-1 high and CTLA-4 high CD8 T cells. 25 However, one must be cautious about the use of tumor-infiltrating lymphocytes in clinical practice, because lymphocyte infiltration is also known to appear upon disease progression. Detection techniques and cut-off values have not been standardized. Furthermore, Tumeh et al investigated whether the narrow repertoire of T cell receptors correlated with response to pembrolizumab in patients with melanoma. Their observations showed that T-cell receptor beta chain usage was more restricted in responders versus those who were showing signs of progression; suggesting that those whose tumor has a low tumor-infiltrating lymphocyte density may still benefit from anti-PD-1 therapy if the tumorinfiltrating lymphocyte population has restricted T-cell receptor clonality specific to the tumor antigen. 26 Many studies have evaluated the association between tumor burden and response to therapy. The classic example is metastatic renal cell carcinoma, where prior cytoreductive nephrectomy has been associated with a survival advantage and improved response to systemic therapy, including anti-VEGF treatment and immunotherapy like INF-α. [3] [4] [5] [6] In a trial by Flanigan et al, nephrectomy prior to INF-α-2b treatment was associated with significantly improved median OS (8.1 vs 11.1 months). 3 Similarly, a trial by Mickisch et al, showed improved survival and increased time to progression in patients who underwent nephrectomy prior to INF-α treatment compared to INF-α alone. 4 In addition, there have been reports for improved survival in the combination of nephrectomy and IL-2 therapy. 27, 28 In melanoma studies, patients with high LDH levels had lower RRs to immunotherapy when compared to those without high LDH levels. 29, 30 While non-specific, as LDH is easily detected in serum during tissue turnover and damage, this has been a classic marker for tumor burden.
Tumor volumes, oftentimes derived through calculations of target volumes, have been previously studied in the field of radiation oncology. Techniques to overcome respiratory motion have been an area of focus especially in the treatment planning of lung cancer. 31, 32 The prognostic value of PTV has also been studied in stage III NSCLC patients undergoing definitive chemoradiotherapy. In this single institutional study of 52 patients, tumor volumes were measured four times during the course of their treatment and found that greater relative tumor volume reduction during treatment correlates with improved disease control and OS. 33 Through their analysis of 88 patients, Kuo et al calculated the decrease of tumor volume post-chemotherapy in advanced NSCLC. The authors reported the efficacy of their proposed survival prediction index through tumor volume measurements, but these findings are yet to be validated. 34 To our knowledge, our study is the first to estimate an association between PTVand best response in NSCLC patients treated with immunotherapy. The association between PTV and best response, considered as an ordered 4-category variable was not strong. Neither were PTV, age, sex, PD-1 agent, protocol status associated with OS ( Table 2 ). Best response, metastasis category, previous lines of therapy, hospitalization within 6 weeks and having liver metastasis >2 cm in size were associated with shorter survival. Contrary to our hypothesis, PTV in NSCLC did not prove to be a strong predictor of response. As demonstrated in Figure 2 although some patients with PR had low PTV, some of those with high PTV did have a response, thereby suggesting the presence of other factors contributing to response. As shown in Figure 3 , there were no associations of PTV based on the lung tumor histology.
Interestingly, Huang et al recently reported that the magnitude of reinvigoration of circulating exhausted-phenotype CD8 T cells calibrated to pretreatment tumor burden was associated with clinical response in advanced melanoma patients. 7 In this study, tumor burden was defined as the sum of the long axis of all measurable lesions reported on the pretreatment imaging reports. The authors did comment that the tumor burden alone was not a perfect predictor of response to anti-PD-1 therapy and that there were likely other parameters, such as anatomical location of metastases, PD-L1 expression and mutational phenotype, which may add further to resolve the relationship between T-cell reinvigoration and tumor burden.
In our study, liver metastasis prior to treatment was associated with significantly shorter survival. This result is consistent with reports from previous studies with Riihimäki et al showing that mortality was 1.53 fold higher for patients with liver metastasis than for those with brain metastasis (P<0.05). 35 Similarly, Tamura et al demonstrated that the mortality was 1.55 fold higher for patients with liver metastasis than for those with other distant metastasis (P<0.001). 36 As demonstrated, liver metastases in NSCLC are likely a negative prognostic factor regardless of the use of immunotherapy.
Conclusion
Contrary to our hypothesis, PTV in NSCLC did not prove to be a predictor of response to PD-1 inhibitors but having liver metastasis prior to treatment was associated with significantly shorter survival.
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